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Objectives. Our gohls were to develop and validate a multivari-
ate algorithm for estimating the incremental probability of the 
presence of coronary artery disease. 
Background. Multivariate methods, including logistic regres-
sion analysis, have been extensively applied to diagnostic exercise 
testing. However, few previous studies have included both an 
incremental design and external validation. 
Methods. A retrospective coUection of clinical, exercise test and 
catheterization data was performed involving four U.S. referral 
medical centers. AU patients had no prior history of coronary 
disease and had undergone coronary angiography :::;3 months 
after exercise stress testing. An algorithm was developed in one 
center (590 patients with a 41 % prevalence of coronary artery 
disease) with the use of logistic regression analysis and was 
validated in the other three centers (1,234 patients, 70% preva-
lence). The algorithm incorporated pretest variables (age, gender, 
symptoms, diabetes, cholesterol), exercise electrocardiographic 
(ECG) variables (mm of ST segment depression, ST slope, peak 
heart rate, metabolic equivalents [METs), exercise angina) and 
one thaUium variable. Discrimination was measured with receiver 
A clinical diagnosis is usually accomplished by the progres-
sive accumulation of data that either support or refute the 
diagnosis. Clinicians use the incremental weighing offacts as 
one means of making clinical diagnoses. When facts are 
concordant, clinical diagnoses are frequently not difficult to 
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operating characteristic curve analysis. Calibration (that is, reli-
ability) was assessed from a comparison of probability estimates 
and the actual prevalence of disease. 
Results. The overaU incremental receiver operating character-
istic curve areas for the validation group were pretest, -0.738 ± 
0.016; postexercise ECG, 0.78 (SE 0.017); and postthallium, 0.82 
(SE 0.016); p < 0.01 for both increments. Within the three 
validation institutions, the institution with a disease prevalence 
closest to that of the derivation institution had the best incremen-
tal receiver operating characteristic curve areas. There was a 
stepwise incremental improvement in calibration especially from 
exercise ECG to thallium testing. 
Conclusions. An incremental multivariate algorithm derived in 
one center reliably estimated disease probability in patients from 
three other centers. The incremental value of testing was best 
demonstrated when the derivation and validation groups had a 
similar disease prevalence. This algorithm may be useful in 
decision making that relates to the diagnosis of coronary disease. 
(J Am CoU CardioI1992;20:1187-96) 
make. When they are discordant, clinical diagnoses tend to 
be uncertain, forcing a decision maker to use higher level 
testing. When coronary artery disease is suspected, this 
process usually begins with an appraisal of the clinical 
history and physical examination and often progresses to 
rest and exercise electrocardiography or other noninvasive 
imaging methods. This incremental process frequently cul-
minates in coronary angiography. 
Because many factors relate to the diagnosis of coronary 
disease, multivariate methods have been extensively applied 
to the diagnostic evaluation process (1-20). A minority of the 
reported studies validated their results in separate popUla-
tions (3,5,7,8,10,14,17,19,20) and fewer stilI in populations 
outside the original institution (5,10,17). Only one of these 
studies (5) used logistic regression analysis and an incremen-
tal approach. The purpose of this study was twofold: I) to 
develop an incremental multivariate analytic approach to the 
clinical diagnosis of coronary artery disease that allows for 
estimation of the probability of coronary disease both before 
and after exercise testing, and 2) to validate the method in a 
0735-10971921$5.00 
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population drawn from several centers outside the derivation 
institution. The important aspects of the extent and prognos-
tic impact of coronary artery disease were not evaluated in 
this study. 
Methods 
Derivation group. All patients referred to the stress lab-
oratory at West Virginia University Medical Center between 
June 1981 and December 1989 were screened. Only those 
referred specifically for evaluation of the presence of coronary 
disease and who did not have a history of prior myocardial 
infarction or coronary arteriography were considered. Patients 
who met these criteria and who underwent coronary angiogra-
phy within 3 months after stress testing constitute our deriva-
tion group. Because this study involved only a review of data 
previously acquired for clinical indications, review by the 
Human Subjects Committee was not required. However, all 
data were handled to ensure patient confidentiality. 
Baseline clinical information. Data were collected from 
patients in the derivation group during a preexercise test 
interview. The variables tabulated were patient age, gender, 
symptoms and history of current cigarette smoking and 
diabetes mellitus. Chest pain was classified according to the 
four categories of Diamond (21). Rest heart rate, systolic 
blood pressure, height and weight were also measured. If the 
patient consented, blood specimen was collected to measure 
total serum cholesterol. Body mass index was calculated by 
Weight(kg)!(Height[m]f. 
All rest electrocardiograms (ECGs) were categorized as 
completely normal, equivocal or abnormal. Equivocal ECGs 
had ST-T changes with no significant downward displace-
ment of the ST segment (0.08 s from the J point when 
compared with the baseline between two PR segments for at 
least three cycles) that would render them difficult to inter-
pret. Abnormal ECGs had ST-T changes that would make an 
exercise ST response uninterpretable. These included ECG 
patterns of left ventricular hypertrophy, left bundle branch 
block, digitalis effect, Wolff-Parkins on-White syndrome or 
other significant downward displacement of the ST segment. 
Patients with abnormal Q waves were excluded. 
Exercise tests. Most patients exercised with the use of the 
Bruce treadmill protocol (10% used the Naughton treadmill 
or arm ergometer protocols). The following data were col-
lected: peak exercise heart rate, systolic blood pressure and 
metabolic equivalents (METs) achieved, the presence or" 
absence of exercise-induced angina, ST segment depression 
in mm, and ST segment slope were collected. The rate-
pressure product was calculated by the formula: (Peak heart 
rate x Peak systolic blood pressure)!1 ,000. Exercise-related 
ST segment changes were measured 0.08 s after the J point 
and were compared with the baseline between two PR 
segments. Peak exercise ST segment slope was qualitatively 
categorized as upsloping, horizontal or downsloping. All 
studies were read by one of the authors (A.P.M.) in blinded 
manner. Positive ST segment criteria consisted of ~1-mm 
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horizontal or downsloping ST depression 0.08 s after the J 
point for three consecutive cycles. If the ST segments were 
upsloping, ~ 1.5 mm was necessary to define positivity. Any 
episodes of three or more consecutive ventricular premature 
beats were recorded as positive for exercise-induced ven-
tricular arrhythmias. A decrease in systolic blood pressure 
~10 mm Hg below the maximal level was recorded as 
exertional hypotension. 
Data were also compiled from those patients who under-
went concurrent thallium scintigraphy. All thallium scinti-
graphic studies were read by one of us (A.P.M.) in blinded 
manner. Thallium studies were categorized as showing re-
versible, fixed or no defects. Other thallium variables, such 
as lung/heart activity ratio and number of thallium defects, 
were not considered because comparable data were not 
available for the validation group. 
Coronary angiography. Angiograms were read by two 
cardiologists in blinded fashion and differences were re-
solved by consensus. Coronary artery disease was defined as 
the presence of at least one vessel with ~50% lumen 
diameter narrowing. 
Validation group. This group consisted of 1,234 patients 
with suspected coronary disease who underwent exercise 
electrocardiography and coronary angiography (778 under-
went thallium scintigraphy). These patients were assembled 
for the purpose of validating other testing modalities and 
were therefore suitable for validating our algorithm. The group 
included patients from the Cleveland Clinic, the Veterans 
Administration Medical Center in Long Beach, California and 
the Cedars-Sinai Medical Center in Los Angeles, California. 
Development of multivariate algorithm. We used logistic 
regression analysis and NCSS software (Number Cruncher 
Statistical System, Version 5.3, 1988) to develop the multi-
variate algorithm. We chose variables with good multivariate 
correlations (p < 0.01) and included additional variables 
because of their use in current clinical practice. We sought to 
include no more than one variable for every 10 outcomes (22) 
and to allow for incorporation of non-ECG exercise varia-
bles for patients without interpretable rest ST segments. We 
allowed for the separate determination of preexercise (pre-
test), postexercise ECG and postthallium probabilities to 
reflect the actual flow of clinical decision making. 
Methods of statistical comparison and analysis. Discrimi-
nation (or resolution). Discrimination defines the ability of a 
method to separate (resolve) a group of patients into those 
with and without disease. The area under a receiver operat-
ing characteristic curve is an index of discrimination that 
ranges from 0 to 1. This single index indicates the probability 
that a method will perfectly resolve a group into diseased 
and nondiseased subgroups. With the probability data, the 
methods of Hanley and McNeil were used both to generate 
the areas under the curve (23) and to compare them (24). The 
receiver operating characteristic curve areas are expressed 
as area ± SE. 
Calibration (or reliability). For probability estimates, the 
results should mean what they say. In other words, a 
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Table 1. Clinical Population Data 
Referral Derivation Male p Value Female Validation 
Group Group Subjects (male vs. female) Subjects A1IvVaI Group 
Subjects 1,888 590 326 264 1,234 
Age (yr) 50 ± 13 54 ± 12 54 ± 12 * 56 ± II 59 ± 10 
Men 1,076 (57) 326 (55) 100 t 1,015 (82) 
Symptoms (I = no pain to 2.5 ± 0.9 2.8 ± 0.9 2.8 ± 0.9 NS 2.8 ± 0.9 3.0 ± I 
4 = angina) 
Cholesterol (mg/dl) 239 ± 56 244 ± 57 233 ± 48 t 256 ± 65 NS 236 ± 54 
(n = 852) (n = 435) (n = 236) (n = 199) (n = 732) 
Rest ECG 
Normal 1,512 (80) 409 (69) 232 (71) NS 177 (67) t 601 (49) 
Uninterpretable 156 (8) 68 (12) 36 (II) NS 32 (12) t 412 (33) 
Diabetes 227 (12) 130 (22) 68 (21) NS 62 (23) NS 198 (16) 
Positive ST changes 384 (22) 203 (39) 114 (39) NS 89 (38) NS 381 (54) 
(n = 1,732) (n = 522) (n = 290) (n = 232) (n = 705) 
Peak HR (beats/min) 151 ± 25 141 ± 23 140 ± 24 NS 142 ± 23 NS 140 ± 25 
(n = 585) 
Peak METs 7.6 ± 3 6.4 ± 3 7.2 ± 3 t 5.5 ± 2 t 7.9 ± 3 
(n = 1,032) 
Exercise angina 428 (23) 243 (41) 124 (38) NS 119 (45) t 526 (51) 
(n = 1,027) 
Abnormal thallium test 127 (22) 92 (45) 52 (51) NS 40 (38) t 555 (71) 
(n = 583) (n = 206) (n = 101) (n = 105) (n = 778) 
CAD(%) 243 (41) 150 (46) t 93 (35) t 863 (70) 
Data are presented as mean value ± SD or number (percent) of subjects. *p < 0.05. tp < 0.01. AllvVal = derivation versus validation p value; CAD = 
coronary artery disease; ECG = electrocardiogram; HR = heart rate; METs = metabolic equivalents; Val = validation group. 
probability of 40% should mean that the disease prevalence 
is 40% when all patients with a probability of 40% are 
considered as a group. Visual comparisons of calibration 
were made by plotting deciles of pretest or posttest proba-
bility (x axis) versus actual disease prevalence (y axis). 
Statistical comparisons were made by generating chi-square 
goodness-of-fit statistics. Chi-square ratios (F statistic) were 
used to compare one incremental calibration with another. 
Mean values (± 1 SD). These values were compared by 
t test. Comparison of proportions was made by a nonpara-
metric two-sample test of proportions. p values> 0.05 were 
not considered significant. 
Results 
Derivation group. A total of 1,888 patients at West Vir-
ginia University Medical Center were considered for this 
study. The 590 patients who subsequently underwent angi-
ography constituted the derivation group. Table 1 lists the 
clinical characteristics and differences of the referral, deri-
vation and validation groups. 
Bivariate and multivariate analysis. We evaluated 10 pre-
test, 9 exercise ECG and 3 thallium variables within the 
derivation group. The 10 continuous variables included age, 
cholesterol, body mass index, rest and peak heart rate and 
blood pressure, peak rate-pressure product and METs and 
mm ST depression. The 12 discrete variables were further 
classified into 5 categoric and 7 dichotomous (yes or no) 
variables. Categoric variables included gender, symptoms, 
rest ECG, ST slope and qualitative thallium defect. Dichot-
omous variables included smoking, diabetes, angina, de-
crease in blood pressure, arrhythmias, any thallium defect 
and any reversible thallium defect. Table 2 lists the results of 
bivariate analysis. All but four variables were good predic-
tors (p < 0.05) of the presence of coronary artery disease. 
Table 3 shows the results of incremental multivariate 
analysis of 10 pretest, 7 exercise ECG and 1 thallium test 
variable. We eliminated the variables of peak rate-pressure 
product and blood pressure because peak systolic blood 
pressure was a poor bivariate predictor of disease and peak 
heart rate was as good as rate-pressure product. Similarly, 
we eliminated any thallium and any reversible thallium 
defect because qualitative thallium defect was as good a 
predictor and it considered three categories. The variables 
pretest and posttest are probabilities (0 to 1). Pretest is a 
cluster variable generated by applying the logistic regression 
formula to the pretest variables noted in Table 3. Posttest is 
another cluster variable generated by applying the logistic 
regression formula to the exercise ECG variables (in addi-
tion to pretest) noted in Table 3. Pretest analysis indicated 
that age, gender, symptoms, diabetes and cholesterol were 
independent predictors (p < 0.01) of the presence of disease. 
Postexercise ECG analysis indicated that ST slope, peak 
heart rate, exercise angina as well as pretest were indepen-
dent predictors. Postthallium test analysis indicated that 
qualitative thallium defect as well as posttest were both 
independent predictors. 
Because mm ST depression was not an independent 
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Table 2. Bivariate Analysis 
Age (yr) 
Gender 
Symptoms 
Smoking 
Diabetes 
Cholesterol 
BMI 
Rest HR 
Rest SBP 
Rest ECG 
Pretest 
(n = 435) 
Chi·Square 
70.7 
6.9 
11.6 
0.6 
7.3 
12.5 
11.7 
10.4 
3.9 
4.9 
p Value 
0.00001 mmST 
0.008 ST slope 
0.0007 Peak HR 
0.46 Peak SBP 
0.007 Peak RPP 
0.0004 METs 
0.0006 Angina 
0.001 SBP decrease 
0.046 Arrhythmia 
0.03 
Exercise ECG 
(n = 522) 
Chi·Square p Value 
37.5 0.00001 
55.4 0.00001 
41.3 0.00001 
0.4 0.52 
23.3 0.00001 
10.4 0.001 
23.8 0.00001 
1.4 0.23 
2.9 0.08 
Qual def 
Any def 
Rev def 
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Thallium 
(n = 206) 
Chi-Square p Value 
8.0 0.005 
8.0 0.005 
5.2 0.03 
BMI = body mass index; def = thallium defect; ECG = electrocardiogram; HR = heart rate; METs = metabolic equivalents; mm ST = mm of any ST 
depression; Qual = qualitative; Rev = any reversible; RPP = rate-pressure product; SBP = systolic blood pressure. 
predictor of disease (Table 3) and the accuracy of exercise-
induced ST changes is lower in women than in men, we 
examined whether the analysis would differ between men 
and women. The middle columns of Table 4 indicate that mm 
ST depression was, in fact, an independent predictor in men 
but not in women. 
Derivation of algorithm. Table 4 has seven data columns, 
one for each separate regression analysis. The first two 
columns consider the pretest variables with and without 
cholesterol; the middle four consider the exercise ECG results 
separately for men and women and whether the rest ST 
segments were interpretable, and the last column considers the 
results of the thallium test. Table 4 also shows the beta estimate 
and intercept information representing the coefficients for the 
logistic regression model noted in the Appendix. 
Validation of algorithm. The equations derived from the 
results in Table 4 were applied to our validation group, and 
Table 5 and Figures 1 and 2 show some of these results. The 
receiver operating characteristic curve areas for the three 
incremental probability estimates for all patients with available 
data were as follows: pretest (n = 1,234) -0.738 ± 0.016, 
postexercise ECG (n = 1,023), -0.78 ± 0.016, and postthal-
lium test (n = 778), -0.82 ± 0.016. Each posttest receiver 
Table 3. Incremental Multivariate Analysis 
Pretest (n = 435) 
Chi-Square p Value 
Age (yr) 32.5 0.00001 Pretest 
Gender 14.1 0.0002 mmST 
Symptoms 11.2 0.0008 ST slope 
Smoking 0 0.97 Peak HR 
Diabetes 9.3 0.002 METs 
Cholesterol 13.5 0.0002 Angina 
BMI 4.0 0.046 SBP decrease 
Rest HR 0.2 0.67 Arrhythmia 
Rest SBP 1.1 0.31 
Rest ECG 0.8 0.36 
operating characteristic curve area was significantly greater 
than the preceding area (p < 0.01). Because the number of 
patients at each incremental evaluation was unequal, we per-
formed a second comparison in 778 patients who had data to 
satisfy all three incremental levels. With this additional com-
parison (Fig. I), there continued to be a steady significant (p < 
0.01) incremental increase in the receiver operating character-
istic curve area. 
Figure 2 shows the calibration results for these 778 
patients. The reliability of each decile of estimated probabil-
ity was compared with the expected ranges (stairsteps) and 
with the other incremental levels (pretest and two posttest). 
Chi-square goodness-of-fit testing indicated that the post-
thallium test results were different from the postexercise 
ECG results. Visual inspection of Figure 2 indicates that this 
difference reflects an improvement in the calibration of the 
postthallium test results. All three incremental levels under-
estimated disease prevalence in the deciles representing the 
20% to 70% range (bar above expected range). However, at 
decile ranges <20, the postthallium test results were better 
calibrated qualitatively and quantitatively (that is, the data 
were within the expected range) than were the postexercise 
ECG results. 
Postexercise ECG (n = 522) Thallium Test (n = 206) 
Chi-Square p Value Chi-Squaie p Value 
65.1 0.00001 PosUest 37.0 0.00001 
2.1 0.15 Defect 10.2 0.001 
13.3 0.0003 
4.9 0.03 
0.1 0.94 
4.5 0.03 
0.8 0.36 
2.8 0.10 
Pretest = pretest probability; Posuest = posUest probability; other abbreviations as in Table 2. 
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Table 4. Final Multivariate Algorithm: Chi-Square Results 
Pretest 
Chol + Chol- RECG + 
Age (yr) 47.2t 78.8t Pretest probability 27.6t 
(0.0757) (0.0857) (4.325) 
Gender 17.lt 17.3t mmST 8.6t 
(-0.971) (-0.8111) (0.6842) 
Symptoms 9.9t 14.3t STslope 5.7t 
(0.3962) (0.4056) (0.6619) 
Diabetes 10.lt 10.8t PeakHR 6.5* 
(0.7987) (0.7357) (-0.020) 
Cholesterol 14.lt METs 0.1 
(0.0077) (-0.015) 
Angina 1.7 
(0.3979) 
Intercept (-7.285) (-6.041) (-1.073) 
Men 
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Postexercise ECG 
Women Postthallium Test 
RECG- RECG + RECG -
34.8t 29.7t 35.8t Postlest probability 37.0t 
(3.926) (5.169) (5.119) (4.329) 
1.2 Defect quality 8.7t 
(-0.3057) (0.5857) 
7.7t 
(0.9022) 
4.5* 0.1 1.6 
(-0.0138) (-0.0176) (-0.0096) 
0.1 0.4 0.1 
(-0.0139) (-0.0614) (-0.0059) 
6.6* 4.1" 3.8* 
(0.6695) (0.7025) (0.5935) 
(-0.2229) (-3.556) (-1.485) (-2.969) 
*p < 0.05. tp < 0.01. Numbers in parentheses are the beta estimates. CHOL + = cholesterol measured; CHOL - = cholesterol unmeasured; METs = peak 
metabolic equivalents achieved; RECG + = interpretable rest electrocardiogram; RECG - = rest electrocardiogram that could not be interpreted; other 
abbreviations as in Table 2. 
Table 5 compares the results from the three contributing 
validation institutions. The Cleveland group most closely 
approximated the derivation group described in Table 1 with 
Table S. Comparison of Validation Institutions 
Cleveland Clinic 
n 303 
Age (yr) 54 ± 9 
% men (mean ± SO) 68 
% positive ST 40 
(n = 299) 
~I mm ST depression 
Sensitivity/specificity 63n9 
Predictive value (+/-) 11m 
% abnormal thallium 41 
(n = 301) 
% coronary disease 46 
Probability 
Pretest 45 
After exercise ECG 46 
After thallium 51 
ROC-all 
Pretest 0.78 (76 - 79) 
After exercise ECG 0.82 (81 - 83) 
n = 303 
After thallium 0.86 (85 - 87) 
n = 301 
ROC-all with thallium 
Pretest 0.78 (76 - 79) 
After exercise ECG 0.82 (81 - 83) 
After thallium 0.86 (85 - 87) 
respect to age, percent men, percent abnormal exercise ST 
and thallium responses and, most important, the prevalence 
of coronary disease. The other two groups were significantly 
Long Beach VA MC Cedars-Sinai MC 
503 428 
60 ± 9 6O±1O 
98 74 
74 59 
(n = 137) (n = 269) 
80/56 63/62 
90/39 90124 
76 89 
(n = 58) (n = 419) 
75 81 
60 52 
72 57 
74 67 
0.71 (69 - 72) 0.71 (69 - 72) 
0.70 (68 - 72) 0.76 (74 - 78) 
n = 292 n = 428 
0.68 (64 - 74) 0.77 (75 - 78) 
n = 58 n = 419 
0.67 (64 - 73) 0.11 (69 - 72) 
0.11 (68 - 74) 0.76 (75 - 17) 
0.68 (64 - 74) 0.77 (75 - 78) 
MC = Medical Center; ROC = receiver operating characteristic curve area; VA = Veterans Administration; 
other abbreviation as in Table I. 
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ROC Areas 
-Pretest 0.738 ± 0.019 
-PostExerciseECG 0.783 ± 0.017 
-Post Thallium 0.820 ± 0.016 
o 10 20 30 40 50 60 70 80 90 100 
False Positive Fraction (%) 
Figure 1. Receiver operating characteristic curves (ROC). Each 
curve was generated from probabilities derived from the incremental 
algorithms noted in Table 4. Each of the 778 patients used to 
generate these curves had sufficient clinical, exercise electrocardio-
graphic (ECG) and thallium study data to satisfy each incremental 
equation. See text for further discussion. 
older and had a higher percentage of coronary disease, men 
and abnormal test results. The exercise ECG predictive 
values also reflect the differences in prevalence. 
The lower half of Table 5 also reflects these differences in 
the algorithm results. The first group of receiver operating 
characteristic curve areas is meant to be compared horizon-
tally, reflecting the results of all available patients at each 
institution with available data to calculate probabilities. The 
second set of curve areas is meant to be compared in a vertical 
fashion, reflecting the true incremental behavior at each insti-
tution. These comparisons are all consistent with the conclu-
sion that the algorithm was more absolutely and incrementally 
discriminative in the lower prevalence group from Cleveland. 
Discussion 
Previous validation of other multivariate approaches has 
demonstrated reasonable diagnostic accuracy (5,7,8,14,20, 
Figure 2. Calibration (reliability). Data used to derive this graph are 
from the same 778 patients in Figure I. Vertical bars represent the 
actual prevalence of coronary disease for each group of patients 
with a defined range of pretest, postexercise electrocardiography 
(ECG) and postthallium probability. Ascending stairsteps beginning 
at the lower left represent the predicted probability range for each 
decile. Bar tops below the box overestimate prevalence and bar tops 
above the box underestimate prevalence. 
100~--D=-~-M-_------------------------'--'-' 
90 • Post Exercise ECG 
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:= £. 70 
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25-31). Different statistical methods have been used includ-
ing bayesian (that is, independence-assuming) methods 
(l0,15), linear regression or discriminant function analysis 
(2,3,4,6,1l,14,17,18) and, as in the present study, logistic 
regression analysis (5,7-9,12,13,19,20). As the present study 
did not use independence-assuming methods, the subse-
quent discussion will deal only with the other multivariate 
approaches. A considerable number of previous validation 
studies have assessed such approaches in separate testing 
groups (5,7,8,14,20,25,26,28-30); however, only one study 
(25) used multiple validation institutions (with separate anal-
yses of each) as did the present study. 
Characteristics of reported studies. Table 6 summarizes 
the characteristics of 16 previous studies that utilized multi-
variate methods to evaluate clinical or exercise variables, or 
both, concerning the diagnosis of coronary disease. Table 7 
displays the variables that were evaluated in each of these 
studies as well as the independence of each as predictors of 
coronary disease presence. For the sake of comparison, the 
present study is represented in these two tables. 
Gender. Table 6 indicates that nine previous studies 
evaluated results in both men and women and seven in either 
men or women. In studies of both men and women, >70% of 
subjects were male. Of nearly 12,000 patients evaluated, only 
24% were women and 80% of these women were from two 
studies. Only 3 of to studies with data from women had at least 
100 women in the sample. In addition, only four of nine studies 
analyzed data separately for men and women. Therefore, 
women are underrepresented in most of these previous studies. 
Prevalence of disease. The prevalence of disease was 
>50% in 12 and >60% in 10 of 15 studies with available data. 
However, the definition of disease (percent stenosis on 
angiography) differed in many studies, that is, 70% to 75% 
versus 50% lumen diameter narrowing. The Coronary Artery 
Surgery Study (32) found that the prevalence of disease was 
5% in both men and women who had lesions with 50% to 
69% stenosis. Therefore, the prevalences in the studies using 
70% lumen narrowing would not have been greatly increased 
with the more inclusive ~efinition. Similarly, other studies 
have shown that the practical consequences of differing criteria 
on both the operating characteristics of exercise electrocardio-
graphy (33) and probability estimates of coronary disease (34) 
are small. All previous studies (except one in women only) that 
validated algorithms in separate populations used populations 
with a high prevalence of disease (~55%). 
We raise this issue of disease prevalence because of its 
relatively low prevalence (41%) in our derivation popUlation. 
Although this prevalence is relatively low, it is likely to be 
higher than the prevalence in the clinical group of interest: 
patients with suspected coronary artery disease who come to 
the exercise laboratory before undergoing angiography. 
When we applied our algorithm to a large group of >4,500 
patients from the Cedars-Sinai Medical Center, the mean 
posttest probability was 43%. When we applied another 
method of estimating posttest probability (10) to our own 
referral group of 1,888 patients, the mean posttest probabil-
lACC Vol. 20, No.5 MORISE ET AL. 1193 
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Table 6. Comparison of Studies Using Multivariate Analysis of Clinical and Exercise Test Variables Pertaining to the Diagnosis of 
Coronary Artery Disease 
Study Sample Analysis Validation 
(ref no.) Pub Year Size % Men by Gender % Stenosis Prevalence Ref No. Incremental 
2 1979 405 ? N 50 72 N 
3 1980 199 71 Y 70 57 26 N 
4 1981 1,351 100 Y 70 65 Y 
5 1982 3,840 71 N 70 65 5 Y 
6 1982 141 82 N 70 78 N 
7 1983 3,627 70? Y 75 66 7 Y 
8 1983 351 80 Y 8 N 
9 1983 105 100 Y 50 62 Y 
11 1984 92 0 Y 70 30 Y 
12 1985 147 71 N 75 69 Y 
13 1985 171 100 Y 70 68 Y 
14 1985 253 100 Y 50 81 14 Y 
17 1986 303 68 N 50 46 25 Y 
18 1987 558 100 Y 50 56 N 
19 1988 295 75 Y 50 70 28,29. Y 
20 1991 135 0 Y 50 41 20 N 
Present 1992 590 55 Y 50 41 Present Y 
(-) = data not available; N = no; Pub = publication; Ref No. = reference number; Y = yes; ? = not known. 
ity was 27% in the entire group and only 18% in the group pared with each other? Results of the present study indicate 
that did not undergo angiography. Our own data indicate that that both answers would be no. 
although the overall discriminant accuracy of our algorithm Incremental consideration. The interpretation of exercise 
was good, it was better in the lower prevalence group from test data within the context of other known clinical pretest 
Cleveland. These considerations raise two questions: 1) Do data is an important and often underappreciated consider-
previous studies using groups with a higher prevalence of ation (22). Therefore, incremental evaluations are necessary 
disease adequately represent the real clinical group? 2) to determine the true clinical relevance of exercise test 
Should groups with greatly differing prevalences be com- variables. Table 6 indicates that 11 of 16 previous studies 
Table 7. Comparison of Variables Evaluated in Studies Using Multivariate Analysis as It Pertains to the Diagnosis of Coronary Disease 
Study Rest ST Ex 
(ref no.) Age Gender Sym Smoke DM Chol ECG rnrnST Slope Ang WL PHR RPP TL 
2 N Y Y Y N 
3 N M N N N Y N N Y N 
Y W N N N N N Y N N 
4 Y Y Y N N Y Y N Y Y 
5 Y Y Y Y N Y N Y N N N N 
6 N Y Y Y N N N Y Y 
7 Y Y Y Y Y Y Y 
8 Y M N Y N Y Y N 
N W N N N Y Y N 
9 N Y Y Y N Y N N 
11 N W Y N N N N N Y 
12 Y Y Y Y Y 
13 N M Y Y N N Y N Y 
14 M Y Y Y Y Y N 
17 Y Y Y Y Y 
18 Y M Y Y Y Y Y Y Y 
19 Y M Y Y N Y Y Y Y 
Y W Y Y N Y Y Y Y 
20 W Y Y Y Y Y Y 
Present Y Y Y N Y Y N Y Y Y N Y N Y 
Chol = cholesterol; DM = diabetes mellitus; ECG = electrocardiogram; Ex Ang = exercise angina; M = men only; rnrn ST ='ST depression; N = not a 
significant predictor; PHR = peak heart rate; Ref No. = reference number; RPP = rate·pressure product; Sym = symptoms; TL = thallium; W = women only; 
WL = workload; Y = significant predictor; (-) = variable not evaluated. 
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could be considered incremental. As in our study, most 
exercise test variables were good bivariate predictors of 
disease (Table 2). However, after multivariate analysis with 
an incremental adjustment, some variables were not inde-
pendent predictors (Table 3). Notable among these was 
METs. Clinicians routinely use METs to assess exercise 
capacity. However, the consideration of METs appears to 
have little value in the diagnostic evaluation of suspected 
coronary disease. In contrast, the value of exercise capacity 
for assessing prognosis is well supported by published data 
(35). 
The method of incremental analysis varied among stud-
ies. Most studies (4,9,11-14,19) performed separate stepwise 
analyses of pretest and pretest plus exercise variables by 
using the best variables from each analysis for their final 
regression equation. We chose to force all of the pretest 
variables into the exercise multivariate analysis by using a 
cluster variable. One previous study (36 reported only as an 
abstract) compared the results generated from raw variables 
with those of probability estimates based on those raw 
variables and found some slight but significant loss of 
accuracy. Although the use of the cluster variable may have 
resulted in some loss of discriminant accuracy, it reduced 
the complexity of the multivariate analysis and the final 
algorithm (Table 4). 
Only 5 of the 11 incremental studies indicated a positive 
incremental value for exercise ECG variables. However, 3 
of the 11 did not address this question. 
Variables evaluated (Table 7). Age. Age was a good 
predictor in 10 of 15 studies. However, it was an indepen-
dent predictor in all five studies with a sample size >500. 
Gender, symptoms, cholesterol. When these three vari-
ables were evaluated, there was universal agreement that 
they were independent predictors, irrespective of sample size, 
definition of disease or total number of variables studied. 
Smoking. Smoking was a good predictor in four of six 
studies and was an independent predictor in the three largest 
studies. In the present study smoking was not an indepen-
dent predictor in either the bivariate or the multivariate 
evaluations. The definition of smoking differed in all studies. 
Our study used the Framingham definition (only current 
cigarette smoking) (37). In retrospect, this definition would 
exclude many former smokers and its use may explain why 
smoking was not a significant predictor in our study. 
Diabetes. Diabetes was a good predictor in only two of 
six studies. Of the three largest studies, two failed to show 
that diabetes was an independent predictor and the third 
study showed a low impact on the final model (7). The 
definition of diabetes in most studies, including the present, 
was fairly simple, that is, the presence or absence of diabetes 
in the patient's clinical history. Others (10,37) have used 
glucose intolerance (defined by serum glucose levels) rather 
than history. Nevertheless, the significance of diabetes to 
the model in the present study appears to be considerable. 
The prevalence and definition of coronary disease did differ 
in our study from those of the other studies that evaluated 
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diabetes. Additional studies in groups with a lower preva-
lence of disease using a more refined definition of diabetes 
and glucose intolerance may reveal the real status of diabe-
tes as an independent variable. 
ST depression. Among the exercise ECG variables, ST 
depression was a good predictor of coronary disease in 15 of 
16 studies. As in the present study, two of three studies that 
evaluated ST depression separately in men and women 
found that ST depression was not a predictor in women. 
However, two other studies limited to women were divided 
on this issue. 
ST slope. ST slope was a good predictor in six of seven 
studies. However, the definition of this variable was not 
uniform and only two studies included incremental consid-
erations. ST slope was considered a categoric variable in the 
present study as in several earlier studies (2,3), whereas it 
was considered a continuous variable in others (6,14,18,20). 
Non-ST exercise variables. The remaining non-ST exer-
cise variables were good predictors in about 50% of studies, 
and incremental considerations did not improve on this ratio. 
Exercise capacity, usually defined as exercise duration or 
METs achieved, was found to be a good predictor in only 
three of eight studies with incremental considerations. Ow-
ing to a lack of uniformity in definition, patient groups and 
other variables considered, the incremental diagnostic im-
portance of these exercise variables is unclear. 
Thallium scintigraphy. All six studies (five of six incre-
mental) that evaluated thallium scintigraphy found it to be a 
good predictor. The thallium test variable in the present study 
was a simple categoric one based on the presence of reversible, 
fixed or no defects. We did not consider other thallium test 
variables such as the number of segments with defects, the 
intensity of a defect, lung/heart activity ratio or transient 
dilation for reasons stated earlier. The thallium studies used in 
our derivation group represent the gamut of thallium technol-
ogy from planar to single-photon emission computed tomo-
graphs with and without quantitation. Despite this limited 
variable information, there was a significant incremental in-
crease in discrimination for the entire validation group. It is 
possible that with the consideration of more thallium variables, 
the incremental increase might have been greater. 
Table 5 reveals that individual validation subgroups did 
not enjoy this same incremental increase. The worst receiver 
operating characteristic area was noted for the Long Beach 
group with only 58 patients. The Long Beach and Cedars 
groups combined had an 87% rate for abnormal thallium 
studies, whereas the Cleveland group had a rate of only 41 %, 
similar to that of the derivation group (45%). 
Summary. This study demonstrates that an incremental 
multivariate algorithm developed in a group with a lower 
prevalence of coronary disease is valid in a separate group 
with a higher prevalence. In addition, exercise electrocar-
diography added important diagnostic information even after 
the pretest data were considered. Similarly, the thallium data 
added important diagnostic information to the pretest and 
exercise ECG data. Each institutional analysis revealed that 
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discriminant accuracy was lower in those groups that had a 
significantly higher prevalence of disease than that of the 
derivation group, whereas it was high in a group with a 
similar prevalence. It is not unrealistic to conclude that the 
accuracy of an algorithm depends largely on the group from 
which it was derived. 
Of equal clinical relevance is how well the derivation 
group represents the clinical group of interest. In 16 previous 
studies that involved multivariate analysis most of the deri-
vation groups had a percentage of men and disease preva-
lence that are unlikely to adequately represent the clinical 
group of interest. Although referral bias was present in all of 
these catheterization groups, it was greater in the groups 
with a higher prevalence of disease. In other words, the 
degree of referral bias was probably greater in the two 
subgroups in this study in which discriminant accuracy was 
relatively lower. This bias was evidenced by the larger 
proportion of abnormal exercise ECGs and thallium tests in 
addition to the higher prevalence of disease. Although the 
prevalence of disease in our derivation group was higher 
than that we estimate for the group presenting for diagnostic 
exercise testing, it was lower than that in any published 
study. Unless all patients who come to the exercise labora-
tory undergo angiography, it is unlikely that prevalence rates 
<40% will be reported in future studies. 
Comparison of 16 prior studies with our study reveals 
general agreement on the variables that are independent 
predictors of the presence of coronary disease, thus empha-
sizing that the present study yielded conclusions about these 
variables that are consistent with well reported data. 
Clinical relevance. For the individual clinician, the prac-
tical clinical relevance of our study depends on one question: 
Is decision making improved when probability-estimating 
methods are used in conjunction with exercise (or any) 
testing? Although it is not our intent in this report to develop 
a complete response to this question, we firmly believe that 
the generation of probabilities both before and after exercise 
testing can be a useful adjunct in decision making. At the 
very least, a posttest probability offers a single numeric 
result that incorporates information from both clinical and 
test variables. It expresses quantitatively how close one is to 
o or 100%, that is, no disease or disease. We hesitate to draw 
specific (yet arbitary) decision thresholds and would leave it 
to the clinician to determine how low or high the probability 
must be before a change in management is undertaken. 
Previous surveys (38) show that there are physicians who 
want and use the information that these algorithms generate. 
It is important to generate both pretest and posttest 
probabilities before the exercise test is actually performed. 
Estimating the potential effect of a negative test result on the 
current probability may allow a clearer appreciation of 
whether the exercise test can realistically answer the diag-
nostic question being addressed. The clinician also needs a 
clear understanding of whether the exercise test is being 
considered for diagnosis or prognosis in an individual pa-
tient. Pretest probability can help clarify this question by 
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indicating whether the patient is in a low, intermediate or 
high pretest probability group. Noninvasive testing for diag-
nosis is best limited to patients with a low or intermediate 
probability of disease. These patients have the best chance 
of having a low posttest probability if the test results show a 
decrease in probability of disease. Similarly, patients with a 
high pretest probability should undergo noninvasive testing 
only to assess prognosis. These patients have little to no 
chance of having a low posttest probability even with 
completely negative test results. Three articles (22,38,39) 
discuss these considerations more extensively. We also 
caution that the present study investigated the incremental 
impact on diagnostic questions only; it did not address the 
impact on questions that relate to the extent of coronary 
disease or to the effect of disease on prognosis. 
For those who want to use the method developed in this 
study, the Appendix provides details on how to generate 
probabilities. Clinicians should decide whether the deriva-
tion group used in this study is similar to their local group 
and evaluate the algorithm for themselves. 
Appendix 
Instructions for Evaluating the Logistic 
Regression Algorithm Presented 
For those who wish to evaluate the logistic regression algorithm 
presented in this study, we offer the following instructions. The 
basic logistic model equation is as follows: 
Probability = 111 + e-(a+bx+ ... " 
where a = intercept, b = beta estimate, x = variable value. The 
values for a and b are found on Table 4. Seven equations can be 
generated depending on the incremental level, the gender and the 
variables used. The pretest and posttest probability variables re-
quire prior calculation and are numbers between 0 and I. The 
foIlowing is a list of entry variable values: 
Continuous variables 
Age (yr) 
Total cholesterol (mg/dl) 
ST depression (mm) 
Peak heart rate (beats/min) 
METs 
Probability (0.0-1.0) 
Pretest 
Posuest 
Categoric variables 
Gender (male = 0, female = I) 
Symptoms (Ref 21) 
Typical angina = 4 
Atypical angina = 3 
Nonanginal pain = 2 
No pain = I 
ST slope 
Upsloping = I 
Horizontal = 2 
Downsloping = 3 
Thallium defect 
None = I 
Fixed = 2 
Reversible = 3 
Dichotomous (yes = I. no = 0) 
Diabetes 
Exercise angina 
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